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VOLTAGE ISLAND CHIP IMPLEMENTATION 

BACKGROUND OF THE INVENTION 

[0001] The present invention generally relates to inte 
grated circuits and more particularly to an improved inte 
grated circuit design and method Which utiliZes voltage 
islands that operate at independent voltages and can be 
selectively gated to reduce poWer consumption. 

DESCRIPTION OF THE RELATED ART 

[0002] As technology scales for increased circuit density 
and performance, the need to reduce poWer consumption 
increases in signi?cance as designers strive to utiliZe the 
advancing silicon capabilities. The consumer product mar 
ket further drives the need to minimize chip poWer con 
sumption. 
[0003] The total poWer consumed by conventional CMOS 
circuitry is composed of tWo primary sources. The ?rst is 
active poWer consumed by circuits as they sWitch states and 
either charge or discharge the capacitance associated With 
the sWitching nodes. Active poWer represents the poWer 
consumed by the intended Work of the circuit to sWitch 
signal states and thus eXecute logic functions. This poWer is 
not present if the circuit in question is not actively sWitching. 
Active poWer is proportional to the capacitance that is 
sWitched, the frequency of operation, and to the square of the 
poWer supply voltage. Due to technology scaling, the 
capacitance per unit area increases With each process gen 
eration. The poWer increase represented by this capacitance 
increase is offset by the scaling of the poWer supply voltage, 
Vdd. 

[0004] The frequency of operation, hoWever, increases 
With each generation, leading to an overall increase in active 
poWer density from technology generation to technology 
generation. This increasing poWer density in turn drives the 
need for more expensive packaging, complex cooling solu 
tions and decreased reliability due to increased tempera 
tures. In addition to active poWer, there are components of 
leakage poWer, the most dominant of Which is the sub 
threshold current of the transistors in the circuit. As silicon 
technologies advance, smaller geometries become possible, 
enabling improvements of device structures including loWer 
transistor oXide thickness (ToX), Which in turn increases 
transistor performance. To maintain circuit reliability, Vdd 
must be loWered as ToX is reduced. As Vdd is reduced, the 
transistor threshold voltage (Vt) must be reduced in order to 
maintain or improve circuit performance, despite the drop in 
Vdd. This decrease in Vt and ToX then drives signi?cant 
increases in leakage poWer, Which has previously been 
negligible. As silicon technologies move forWard, leakage 
currents become as important as active poWer in many 
applications. Therefore, there is a need for a method and 
structure that increases performance, While at the same time 
decreases poWer consumption. The invention described 
beloW satis?es these needs. 

BRIEF SUMMARY OF THE INVENTION 

[0005] It is therefore an object of the present invention to 
provide a method of designing an integrated circuit chip that 
supplies a chip design and partitions elements of the chip 
design according to similarities in voltage requirements and 
timing of poWer states of the elements to create voltage 
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islands. The invention outputs a voltage island speci?cation 
list that can include poWer, simulation, reliability, ?oorplan 
ning, and/or timing information of each voltage island. The 
invention simulates the chip design using an unknoWn 
voltage state propagation on voltage island cell outputs 
identi?ed by a poWer-on/off control signal Within the voltage 
island speci?cation list. 

[0006] The invention also provides a method of designing 
an integrated circuit chip that supplies a chip design and 
partitions elements of the chip design according to similari 
ties in voltage requirements and timing of poWer states of the 
elements to create voltage islands. The invention outputs a 
voltage island speci?cation list that has poWer and timing 
information of each voltage island and automatically, and 
Without user intervention, synthesiZes poWer supply net 
Works for the voltage islands. 

[0007] The invention performs physical placement of cir 
cuit elements on the integrated circuit chip according to a 
hierarchy established in the voltage island speci?cation list. 
During the physical placement processing, limits are placed 
upon inserting logic elements Within the voltage islands. The 
invention performs routing physical Wiring Within the inte 
grated circuit chip according to a hierarchy established in the 
voltage island speci?cation list. The invention constrains 
placement of physical pins to edges of the voltage islands 
adjacent poWer rings of a poWer supply Within the integrated 
circuit chip. The speci?cation list can include a poWer 
source name, a poWer source type, minimum voltage level, 
maXimum voltage level, nominal voltage level, sWitching 
signal name, sWitching signal type, poWer on hours, and/or 
steady state on percentage. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0008] The foregoing and other objects, aspects and 
advantages Will be better understood from the folloWing 
detailed description of a preferred embodiment(s) of the 
invention With reference to the draWings, in Which: 

[0009] FIG. 1 is a schematic diagram of a chip containing 
a voltage island, according to the invention; 

[0010] FIG. 2 is a schematic diagram illustrating one 
embodiment of the invention; 

[0011] FIG. 3 is a schematic diagram illustrating the 
processing occurring in item 200 in FIG. 2; 

[0012] FIG. 4 is a schematic diagram of Waveforms 
illustrating the processing occurring and item 302 in FIG. 3; 

[0013] FIG. 5 is a schematic diagram of the Waveform 
illustrating the processing occurring in item 304 in FIG. 3; 

[0014] FIG. 6 is schematic diagram of voltage sets and 
illustrates the processing occurring in item 306 in FIG. 3; 

[0015] FIG. 7 is a schematic diagram of voltage combi 
nations and illustrates the processing occurring in item 308 
in FIG. 3; 

[0016] FIG. 8 is a ?oWchart illustrating the processing 
occurring in item 310 in FIG. 3; 

[0017] FIG. 9 is a ?oWchart illustrating the processing 
occurring in item 202 in FIG. 2; and 
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[0018] FIG. 10 is a ?owchart illustrating the processing 
occurring in item 204 in FIG. 2. 

[0019] FIG. 11 is a schematic diagram of the front end 
voltage island design ?oW; 

[0020] FIG. 12 is a schematic diagram of the back end 
voltage island design ?oW; 

[0021] FIG. 13 is a schematic diagram illustrating a 
voltage island design using peripheral Wire bonds; 

[0022] FIG. 14 is a schematic diagram illustrating a 
voltage island design using C4 pads; 

[0023] FIG. 15 is a schematic diagram illustrating a 
voltage island design for test synthesis; and 

[0024] FIG. 16 is a schematic diagram illustrating a 
voltage island physical design optimiZation. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0025] The poWer challenges posed by advanced tech 
nologies force system designers to make choices concerning 
device structures and voltage levels for the functions they 
are designing. In previous generations, large functional 
blocks Were not integrated on the same chip, so these 
choices could be made independently for each block. High 
levels of integration supported by system-on-a-chip (SoC) 
enabling technology drive single chip implementations, 
Where traditional approaches to poWer distribution and per 
formance optimiZation fail to provide the ?exibility of 
voltage and technology optimiZation of the previously dis 
integrated solution. 

[0026] The invention divides each semiconductor chip 
into individual functional blocks (voltage islands). These 
voltage islands of the SoC design can have poWer charac 
teristics unique from the rest of the design and, With the 
invention, can be optimiZed accordingly. 

[0027] An SoC architecture based on Voltage Islands uses 
additional design components to ensure reliable communi 
cations across island boundaries, distribute and manage 
poWer, and save and restore logic states during poWer-off 
and on. FIG. 1 illustrates the multiple poWer sources used 
With the inventive voltage islands. More speci?cally, FIG. 1 
illustrates poWer structures 110 (VDDO) external to the 
voltage island 120 as Well as poWer structures 122. (VDDI) 
internal to the voltage island 120. Item 121 represents 
standard logic Within the island 120. Item 123 represents 
rebuffering cells. Item 124 illustrates a region of state-saving 
latches 125 used to store logic states during poWer-off 
periods. In addition, a receiver 126 and driver 127 are also 
illustrated in FIG. 1. The Voltage Island 120 represents a 
level of hierarchy With unique poWering that exists Within a 
parent block 111 Which constitutes a physical region in 
Which the island 120 is placed. An island parent block may 
be the top level of a chip design or even another island at the 
next highest level of chip hierarchy. 

[0028] As shoWn in FIG. 1 the circuits Within a Voltage 
Island are primarily poWered from the island voltage, called 
VDDI (VDD-island or VDD-inside), While the circuits in the 
parent terrain are poWered from a supply voltage called 
VDDO (VDD-outside). With deeper hierarchy, the VDDO 
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of one island may be equivalent to the VDDI of a parent 
island in Which it is contained. 

[0029] The relationship betWeen the voltages (VDDI and 
VDDO) of an island 120 and its parent block 111 may vary 
considerably depending on hoW Voltage Islands are 
employed. For example, a dynamically poWered island 
might have VDDI greater than VDDO When operating at 
maximum performance, VDDI less than VDDO When oper 
ating at reduced performance or to preserve states, and 
VDDI=0 V When fully poWered doWn for standby current 
control. 

[0030] Voltage variation present a problem for traditional, 
static complementary metal oxide semiconductor (CMOS) 
logic gates. When such a gate operates at a voltage suf? 
ciently loWer than the gate it drives, signal margins and 
performance Will degrade, and the driven circuit Will con 
sume signi?cantly higher poWer. Further increases in the 
voltage difference Will eventually result in unreliable signal 
sWitching. Additional circuitry 123 is used to handle the 
differences in both magnitude and timing that can occur 
betWeen VDDI and VDDO at island boundaries. Receivers 
126 perform this function for signals going from the parent 
block into the island, While driver cells 127 perform the 
equivalent for signals from island to the parent block. These 
drivers and receivers provide reliable voltage level shifting 
from VDDI and VDDO for a Wide range of operating 
voltages, and do so With minimal impact to signal delay or 
duty cycle. 
[0031] In applications Where VDDI or VDDO are alloWed 
to assume voltage values beloW those necessary to support 
reliable signal sWitching, the Voltage Island boundary also 
includes functions to disable communications across island 
boundaries and provide reliably controlled states (eg. logic 
0, logic 1, or hold last active state) to doWnstream logic. 
Such an operation, knoWn as fencing, prevents the undesired 
propagation of unknoWn states by poWered-off logic. 

[0032] Many possibilities exist for poWering Voltage 
Islands. VDDI or VDDO may be supplied directly from a 
unique, non-sWitched poWer distribution. One or both may 
be the output of an on-chip voltage regulator, Whose voltage 
value may be ?xed or programmable. Finally, VDDI or 
VDDO may be a sWitched version of some other voltage 
supply, controlled by one or more PFET or NFET sWitches. 
A given SoC design may use one or more of these 
approaches depending upon the product design objectives. 

[0033] Leakage or standby poWer can be reduced by 
loWering the voltage of functionally-inactive islands Well 
beloW the level required for reliable operation. HoWever, 
some subset of the logic state, prior to poWer-doWn, may 
need to be preserved to resume operation once the island is 
again poWered up, at the end of the inactive period. Special 
state-saving latches 125 and rebuffering cells 123 provide a 
solution to this problem, eliminating the need to transfer 
logic states off-island and back in order to save and restore 
necessary logic states. Whereas a standard latch in a given 
island Would operate from the island voltage (VDDI), a 
state-saving latch is a modi?cation of the standard latch, 
adding both a VDDO connection and a state control input to 
select betWeen normal and state-saving operation. In normal 
operation, the state-saving latch behaves identically to the 
standard latch. In state-saving operation, the latch data is 
preserved in a portion of the latch poWered only by VDDO, 
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and all other latch inputs (clocks, data, scan) are ignored. As 
long as VDDO remains active, VDDI may be poWered doWn 
Without concern that unreliable logic levels Will effect the 
latch’s logic state. State-saving latches are designed to 
consume minimal poWer from the VDDO. The Voltage 
island can be quickly returned to normal operation once 
VDDI is restored via the latch state control input. 

[0034] The invention designs chips With voltage islands 
using the general processing shoWn in FIG. 2. More spe 
ci?cally, the invention partitions the design into voltage 
islands 200. In other Words, the invention analyZes and 
evaluates the possible operating voltages and the timings of 
poWer states of the different logical partitions to determine 
Which of these logical partitions can be combined into 
voltage islands. Thus, With the invention, the logical parti 
tions are grouped according to similarities in voltage 
requirements and similarities in the timing of poWer states, 
to reduce overall poWer consumption of the chip. 

[0035] The invention also performs ?oorplanning 202 and 
assessment 204 in order to enable the Writing of a voltage 
island speci?cation list (speclist) 206. System requirements 
208 are input to aid in the partitioning 200. Similarly, the 
?oorplan 210 is input into the ?oorplanning operation 202. 
The assessment 204 determines Whether additional parti 
tioning is required (in Which case processing returns to the 
partitioning 200) or Whether additional ?oorplanning is 
required (in Which case processing returns to the ?oorplan 
ning 202). The speclist produced is shoWn as item 212. The 
detailed operations involved in partitioning 200 are further 
explained With respect to FIGS. 3-8. The details of the 
?oorplanning 202 are shoWn in FIG. 9 and the details of the 
assessment 204 are shoWn in FIG. 10. 

[0036] The traditional process for the partitioning of an 
SoC design involves division and subdivision into an n-level 
functional hierarchy. The resulting functional components 
are grouped based upon minimiZing the number and timing 
criticality of signal that connect different groups. The chip 
area of each group is maintained betWeen minimum and 
maximum siZes (high performance requirements may reduce 
maximum siZe of a group, and the need to limit ?oorplan 
ning complexity may in turn limit minimum group siZe). 
Recently, the EDA industry has created a neW Wave of tools 
intended to aid the designer in chip partitioning. The meth 
ods employed by these tools range from early SoC block 
level planning, to physically-aWare gate-abstraction tech 
niques, to quick placement of the netlist for ?oorplanning 
insight. 

[0037] Designing for Voltage Islands changes the tradi 
tional hierarchal logical functional partitioning process into 
a hierarchy of voltage islands. When designing voltage 
islands, an optimal voltage for each functional component 
that minimiZes active poWer at the required performance and 
components Whose voltage supply can be independently 
sequenced are identi?ed. Designing for voltage islands 
achieves a partitioning solution that minimiZes chip poWer 
Within additional chip-level constraints including: maximum 
peak poWer, the available voltage range of each poWer 
source, and the maximum peak and average poWer for each 
poWer source. 

[0038] The invention designs chips With voltage island 
using the general processing shoWn in FIG. 2. More spe 
ci?cally, the invention partitions the design into voltage 
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islands 200 and performs ?oorplanning 202 and assessment 
204 in order to enable the Writing of the speclist 206. System 
requirements 208 are input to aid in the partitioning 200. 
Similarly, the ?oorplan 210 is input into the ?oorplanning 
operation 202. The assessment 204 determines Whether 
additional partitioning is required (in Which case processing 
returns to the partitioning 200) or Whether additional ?oor 
planning is required (in Which case processing returns to the 
?oorplanning 202). The produced speclist is shoWn as item 
212. The detailed operations involved in partitioning 200 are 
further explained With respect to FIGS. 3-8. The details of 
the ?oorplanning 202 are shoWn in FIG. 9 and the details of 
the assessment 204 are shoWn in FIG. 10. 

[0039] To begin, the system requirements 208 that are 
supplied include the chip’s (or SoC’s) active poWer require 
ments, standby requirements, and available voltage supplies 
and levels. These de?ne the maximum chip peak poWer, the 
number of latches per unit area that can act as state saving 
latches (based upon average available Wire tracks to be used 
for global voltage supplies), the minimum inactive time that 
a candidate circuit can be poWered-off (sWitching circuits 
on/off plus their on/off time), as Well as a voltage increment 
for analysis (e.g., algorithm mixed performance lever). 
Similarly, for each available alternate poWer source and 
global Vdd, the system requirements identify the alloWable 
voltage range, the maximum average poWer, and the maxi 
mum be poWer. 

[0040] Further, the system requirements identify the maxi 
mum number of unique voltage islands that should be 
contained in the chip and the maximum number of islands 
that can be poWered on or off using a header sWitch. The 
system requirements also identify Which chip-level available 
voltage supplies can be poWer on or off at off-chip sources. 

[0041] The system requirements also include data for each 
logic module and chip input/output (I/ O). Such data includes 
the chip area siZe; critical timing at each voltage Within a set 
of alloWable voltages for the technology and system; the 
sWitching Waveforms betWeen modes of functional opera 
tion and times of functional in activity; and the active and 
standby poWer requirements for each module or input/output 
for each period of inactivity. The system requirements 
identify state-saving latches 125 Whose last date before 
inactivity must be present at resumption of activity, and a 
logic signal that uniquely identi?es the period of inactivity. 
The system requirements de?ne (for each functional logic 
module) a list of alloWable voltages for each module at 
Which time requirements are met (positive slack), and a 
de?nition of operating modes in Which the module is inter 
nally inactive (does not change logic state). 

[0042] Referring noW to FIG. 3, the invention uses these 
inputs 208 in order to partition the chip into voltage islands. 
The partitioning processing begins With item 300 Which 
takes the initial logic partitions that are assigned prior to any 
voltage island partitioning. Next in item 302, the invention 
de?nes sWitchable partitions and characteriZes inactive and 
active periods. The processing related to item 302 is shoWn 
in greater detail in FIG. 4 and is discussed beloW. Next, in 
item 304, the invention identi?es the voltage sets (per 
partition) that meet timing requirements and also determines 
the poWer requirements (by period). The detailed processing 
of item 304 is shoWn in greater detail in FIG. 5 and is 
discussed beloW. In item 306, the invention determines 
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Which chip-level combinations of partition voltage sets meet 
the timing requirements. The detailed processing occurring 
in item 306 is illustrated and discussed beloW With respect 
to FIG. 6. In item 308, the invention groups partitions by 
voltage source and assigns sources to the various voltage 
levels (in order to minimiZe poWer consumption). The 
details of item 308 are shoWn and discussed beloW With 
respect to FIG. 7. Finally, in item 310, in order to complete 
the partitioning, the invention assigns groups to the various 
voltage islands. The details of the processing in item 310 are 
shoWn in FIG. 8 and are discussed beloW. 

[0043] As mentioned above, FIG. 4 illustrates hoW the 
invention de?nes sWitchable partitions and characteriZes 
inactive and active periods. TWo Waveforms 400, 404 are 
illustrated in FIG. 4. The upper Waveform 400 represents the 
active 410 and inactive periods 412 for a given module. The 
processing shoWn in item 402 modi?es the Waveform to 
classify the inactive periods 412 as either poWer-off inactive 
periods 414 or clock-gated inactive periods 416. 

[0044] More speci?cally, in item 402, the invention deter 
mines Whether each inactive period 412 is less than a 
minimum inactive time. While one embodiment of the 
invention identi?es one possible limit (average latches per 
unit area) and one possible method for maximiZing the 
amount of inactive time that meets this limit, the invention 
is not limited to such methods and, instead, is intended to 
broadly include any method of identifying the set of inactive 
periods. The minimum inactive time is established by the 
designer and controls the granularity of the process. 

[0045] If the inactive period is less than the minimum 
inactive time, clock gating is assigned to this inactive period. 
OtherWise, for those inactive periods that exceed the mini 
mum inactive time, a poWer off signal can be assigned. As 
discussed above, by utiliZing a poWer off signal, the voltage 
leakage associated With clock gated inactive periods is 
avoided. 

[0046] Further, the invention maximiZes poWer savings by 
utiliZing the poWer-off signal for as many inactive periods as 
possible. The invention does this by ?rst classifying those 
inactive periods beloW the minimum inactive time as a 
candidate inactive periods. Then, the invention assembles a 
set of required state-saving latches for each candidate inac 
tive period. From this, the invention creates a composite list 
of state saving latches across all candidate inactive periods. 

[0047] Next, the invention determines Whether there is a 
sufficient number of state saving latches available to convert 
the clock-gated inactive periods into poWer-off inactive 
periods. If so, the invention converts all such clock-gated 
inactive periods into poWer-off inactive periods. If there are 
insuf?cient state saving latches to convert all such clock 
gated inactive periods, the invention assigns the state saving 
latches to the longest clock-gated inactive periods ?rst. This 
alloWs only the shortest inactive periods to remain as 
clock-gated periods, While all longer inactive periods are 
converted to poWer-off inactive periods. In other Words, the 
invention tries to convert all inactive periods 412 to poWer 
off inactive periods 414. HoWever, because of the limited 
number of state saving latches available, some inactive 
periods 412 (the shortest inactive periods) fail becoming 
poWer-off inactive periods and are assigned as clock gated 
inactive periods 416. Therefore, as shoWn in Waveform 404, 
the invention revises the Waveform 400 to include active 

Dec. 2, 2004 

periods 410, inactive periods that are clock gate controlled 
416, and inactive periods that are poWer-off signal controlled 
414. 

[0048] As mentioned above, FIG. 5 illustrates the details 
of processing that occur in item 304 in FIG. 3. In item 500, 
the invention times each partition across alloWable voltage 
ranges. The alloWable voltage ranges are calculated from the 
system requirements. More speci?cally, the minimum and 
maximum voltage values incremented by the voltage incre 
ment established in the system requirements establish the 
voltage levels at Which each partition Will be timed. Global 
voltages are only assigned to the top-level partitions. 

[0049] ArroW 502 indicates all voltage values that meet 
latch-to-latch path, latch-input/output path (PI), and input/ 
output-latch path timing requirements. Voltages that do not 
meet these path timing requirements are not considered 
alloWable voltage ranges. As indicated by arroW 506, this 
alloWs the invention to output a list of possible voltage 
sources that can supply the voltage Within the alloWable 
voltage ranges (as limited by the list of alloWable voltage 
sources for each given module and the alloWable voltage 
ranges of each source). ArroW 504 indicates that the inven 
tion extracts (characteriZes) each path timing for each of the 
alloWable voltage ranges. The invention is intended to 
include any method of characteriZing a logic entity across a 
number of voltage operating points for the latter purpose of 
determining Whether an interconnection of these modules 
and various combinations of the voltage points meets an 
overall chip performance goal. 

[0050] As shoWn by arroW 508, the invention annotates 
the Waveforms to include information regarding estimated 
standby poWer and estimated active poWer at each alloWable 
voltage. For example, the estimated standby poWer is based 
upon the area When poWer is on; hoWever, no standby poWer 
Would be consumed When voltage is off. Similarly, active 
poWer Would be Zero or a minimum value during clock 
gated inactive periods, and Zero When the poWer Was off. 
Active poWer is based on area and clock frequency When not 
clock-gated. In addition, if more detailed active poWer data 
is available (e.g., using a sWitching-based estimator from a 
simulation tool, etc.) this data is substitute for the above 
estimates. 

[0051] As mentioned above, FIGS. 6 illustrates the details 
of item 306 shoWn in FIG. 3. In FIG. 6, item 600 represents 
a list of all combinations of modules/top-level alloWable 
voltages. In item 600, for example, logical partition D 
includes tWo timing-met partition voltage values VD1 and 
VD2. These combinations of alloWable voltages are char 
acteriZed by their path times. The invention runs a chip-level 
timing analysis on each element shoWn in item 600 based 
upon the characteriZations of the logic modules and of the 
top-level logic. Any elements that fail such a chip-level 
timing analysis are removed from item 600. The remaining 
data base of timing-met partition voltage values is output as 
indicated by arroW 604. Item 606 illustrates the chip-level 
poWer Waveforms at each chip-level voltage set for each 
logical partition (A-E). 
[0052] FIG. 7 shoWs the processing occurring in item 308 
in FIG. 3 in greater detail. More speci?cally, in item 700, for 
each valid partition voltage determined in step 306, the 
invention identi?es a list of possible voltage sources. For 
example, the ?rst valid partition voltage of logical partition 










